Based on a number of case reports on monozygotic (MZ) twins discordant for genetic conditions (Hall, 1996; Machin, 1996; Zwijnenburg et al., 2010) , Hall hypothesized in 1996 (Hall, 1996 Hall & Lopez-Rangel, 1996) that MZ twinning could be caused by a genetic event in the zygote after fertilization. Hall argued that a wide range of genetic and epigenetic events could cause polarization of two genetically dissimilar cell clones and ultimately lead to cleavage (Hall, 2003) . As a consequence of the hypothesis, MZ twins should be expected to be discordant for genetic aberrations, either completely or in a mosaic state. Additionally, a larger proportion of MZ twin embryos should have genetic aberrations compared to dizygotic (DZ) twins and singletons.
Epidemiological studies on twins with genetic aberrations are sparse. In older studies on the prevalence of congenital malformations in twins, the prevalence of twins with trisomy 21 (T21) was lower than in singletons, with a particularly low prevalence in same-sex (SS) twins in some received 12 November 2016; accepted 22 February 2017 address for correspondence: Lone Kroeldrup, Department of Clinical Genetics, Odense University Hospital, J.B. Winsløws Vej 4, DK-5000 Odense C, Denmark. E-mail: lone.kroeldrup@rsyd.dk studies (Doyle et al., 1991; Hay & Wehrung, 1970; Kallen, 1986; Windham & Bjerkedal, 1984) . The number of twins with T21 included in these studies was small, however, only between 10 and 56 individuals. In a study from 1964 (McDonald, 1964) , data on 67 pairs of twins with T21 were collected, among which only five SS concordant pairs were found (vs. 30 SS discordant pairs). Assuming that nearly all MZ pairs are concordant, the authors concluded that this implied a significant deficiency of MZ twins with T21 in the cohort, and suggested that one mechanism could be a reduced viability in utero, if one or both twins had T21 or a more severe chromosomal disorder. Three more recent register-based studies (Glinianaia et al., 2008; Li et al., 2003; Tang et al., 2006) on malformations in twin pregnancies or live-born twins included 21, 46, and 48 individuals with chromosomal disorders and found that twins and singletons were at similar risk for chromosomal disorders such as trisomy 13, 18, and 21. In a comprehensive European study from 2013, Boyle et al. (2013) found a lower risk of chromosomal disorders in twins compared to singletons. In a subsequent, larger study on relative risk of T21 in multiple pregnancies, Boyle et al. (2014) concluded that individual fetuses from multiple pregnancies had an overall reduced risk of T21. They also concluded that the maternal age-specific risk of T21 in MZ and DZ versus singleton pregnancies was lower than expected, particularly in MZ twins. However, a general weakness of the study was the indirect assessment of zygosity by use of the Weinberg rule (Fellman & Eriksson, 2006) .
It is well established that both chromosomal aberrations and twinning influence pregnancy outcome. More than 50% of clinically recognized first trimester pregnancy losses show a chromosomal abnormality, with T21 being one of the more common (Goddijn & Leschot, 2000; Hassold & Jacobs, 1984; Ljunger et al., 2005; Simpson, 2007) . Furthermore, pre-and perinatal loss rate is significantly higher in twin pregnancies (Rydhstroem & Heraib, 2001) , particularly in MZ twins, primarily due to structural malformations and vascular complications such as twin-twin transfusion syndrome (D' Antonio et al., 2013; Glinianaia et al., 2008; Oldenburg et al., 2012) . It is plausible that a combination of these conditions could add an additional risk of pregnancy loss.
To summarize, the prevalence of chromosomal aberrations in twins at birth could differ from that in singletons for several reasons. It may be higher, according to the Hall hypothesis, if a chromosomal aberration can cause MZ twinning, or it may be lower if the combination of twinning and a chromosomal aberration raises the risk of fetal death synergistically.
The aim of this study was to determine the occurrence of chromosomal aberrations among all live-born twins in Denmark during and, furthermore, to compare the prevalence of chromosomal aberrations in twins versus singletons.
Materials and Methods

Data Sources
The study included all live-born twins and a 5% random sample of all live-born singletons born in Denmark during April 2, 1968 to December 31, 2009 and was based on linkage between the Danish Civil Registration System, the Danish Twin Registry, and the Danish Cytogenetic Central Register, supplemented by linkage to the Danish Newborn Screening Biobank (NBS-Biobank) at the Danish Statens Serum Institute (SSI) and the National Patient Registry.
Danish Civil Registration System. This includes individuals alive and resident in Denmark for at least one day from April 2, 1968. A personal identification number (CPRnumber) enables linkage to all other national registers (Pedersen, 2011) .
Danish Twin Registry (DTR)
. This is a national register established in 1953, containing more than 86,000 twin pairs born in Denmark since 1870. Twins have been ascertained using different methods previously described (Harvald et al., 2004; Skytthe et al., 2002; Skytthe et al., 2011) . Ascertainment of zygosity was mainly questionnaire based, a method with less than 5% misclassification (Christiansen et al., 2003) , while a minor fraction underwent DNA-based zygosity analyses at various occasions. At present, zygosity data based on questionnaires have been compiled up through 2000. SS twins were classified as MZ, SS-DZ, and unknown zygosity (UZ), that is, no answer to questionnaire or not yet questioned. Opposite sex (OS) twins were classified as DZ.
Danish Cytogenetic Central Register (DCCR)
. This is a national register established in 1968, which is considered to have complete ascertainment of all prenatal and postnatal chromosome examinations carried out in Denmark since April 2, 1968 (Videbech & Nielsen, 1979) .
Danish Newborn Screening Biobank (NBS-Biobank).
This biobank is part of SSI, an institute under the Danish Ministry of Health. Since December 31, 1981, the NBSBiobank has stored surplus blood sample material from newborns in Denmark who are all tested for a number of inborn errors of metabolism by analyzing a blood sample desiccated on filter paper (Norgaard-Pedersen & Hougaard, 2007) . DNA from filter paper was used to determine zygosity status in a subset of twin pairs.
National Patient Registry (NPR).
The NPR has recorded nationwide information on all somatic hospital admissions since 1977. Since 1995, data on outpatients and emergency patients have been included as well (Lynge et al., 2011) . By linking twins to the NPR, the health status of co-twins with no cytogenetic report was estimated and used as a proxy for their karyotype (i.e., normal/abnormal). 
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Karyotypes
Twins and singletons with chromosomal aberrations were identified by linking DTR twin data (using the Danish Civil Registration System) to the DCCR and by linking data from a 5% random sample of singletons from the Danish population and the DCCR, respectively.
The DCCR gave access to all postnatal karyotypes registered as aberrations and subsequent to information regarding co-twins (i.e., whether they had a normal karyotype or no cytogenetic report).
We subdivided aberrant karyotypes provided from the DCCR into abnormal, benign variants (i.e., well-known variants with no known phenotypical influence, listed in Appendix A) and normal (i.e., co-twins only). Individuals with no evidence of chromosomal aberrations with the karyotypes 46,XX and 46,XY were considered to have a normal karyotype even if their phenotypic sex did not correspond to their sex chromosomes.
Zygosity Determination Based on DNA Examinations
DNA-based examinations were carried out in SS twin pairs with chromosomal aberrations. DNA was provided by the NBS-Biobank at the SSI. Samples were only available for twins born after December 31, 1981(79 pairs). Zygosity was determined with 12 microsatellite markers (listed in Appendix B) using a 4-capillary ABI-3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and GeneMarker v. 2.4.0 analysis software. MZ twins had at least 11 informative, identical markers. DZ twins had at least three informative, non-identical markers. The probability of monozygosity determined by identity in all markers was estimated by computational methods (Sieberts et al., 2002) to be at least 0.998%.
Statistical Analyses
Statistical analyses were performed using STATA version 14.1(Statacorp LP, TX, USA).
Calculations of unadjusted prevalence proportion ratios (PPR) with 95% confidence intervals of all twins, SS twins, and OS twins versus singletons were carried out for the period 1968-2009. All PPR values for twins were calculated using twin individuals (i.e., not twin pairs) versus singletons. As maternal age was unknown in a fraction of singleton mothers, unadjusted PPR without this fraction was calculated. Data were stratified on maternal age groups (< 25, 25-29, 30-34, 35-39 , > 39 years), and PPR indirectly standardized for maternal age (using mothers of singletons as reference) was calculated. PPR analyses were repeated on data without karyotypes considered to be benign variants. A logistic regression model adjusting for maternal age groups as well as birth cohorts (1968-1974, and hereafter in 5-year periods until 2005-2009 ) was carried out.
PPR for MZ twins, DZ twins (i.e., SS-DZ twins + OS twins) and UZ twins versus singletons was specified for the period of 1968-2000, since zygosity status for the entire twin cohort (i.e., questionnaire-based) was available only up through 2000).
Corresponding analyses including only individuals with T21 were carried out.
Analyses in Twin Pairs in Which at Least One Had a Chromosomal Aberration
Probandwise concordance rates (regarding karyotype) were calculated (with and without benign variants) as (2·concordant pairs)/([2·concordant pairs] + discordant pairs) (McGue, 1992) . Discordant twins were defined as having any of the following combinations of karyotypes: aberration/normal, aberration/no karyotype or two different aberrations. Concordant twins had identical karyotypes.
Calculation of the expected proportion of MZ and DZ pairs according to the Weinberg method (Fellman & Eriksson, 2006) was performed, in which the number of DZ pairs (i.e., SS-DZ + OS) equals two times the number of OS pairs, and the number of MZ pairs equals all pairs minus DZ pairs. Subsequently, the expected proportion of MZ and DZ twins was compared to the observed proportion.
Hospital admission profiles of pairs in which only one twin had T21 were studied in order to estimate health status of co-twins without cytogenetic reports. Using admission data from NPR we analyzed time to first hospitalization (after the age of 90 days, to avoid concomitant hospitalization of healthy, newborn co-twins). To exclude potential bias from OS co-twins (supposedly healthy, as T21 is a de novo event in > 95%; Gardner et al., 2012) analyses were repeated using only SS co-twins.
Results
Prevalence Proportion Ratios in Twins and Singletons With Chromosomal Aberrations
A total of 75,135 live-born twins born in Denmark from April 2, 1968 to December 31, 2009 were included in the study. Of these, 234 (0.31%) had a chromosomal aberration. The corresponding number in a 5% random sample of live-born singletons in the Danish population was 400 of 129,088 (0.31%). Unadjusted PPR was 1.01 (95% CI [0.86, 1.18]) or 1.02 if using only singletons with known maternal age. Unadjusted PPR results are shown in Table 1 .
As maternal age is a potential confounder known to influence the frequency of twinning (Abel & Kruger, 2012) as well as chromosomal aberrations (Hassold & Chiu, 1985; Hassold & Jacobs, 1984) , data were stratified on maternal age groups (Table 1) .
Nearly identical prevalence of chromosomal aberrations among twins versus singletons was found, except for a tendency of an increase in the prevalence among twins in the maternal age group of 35-39 years. Another potential confounder is birth year, which is positively associated with twin birth (Herskind et al., 2013) and influences the number of children diagnosed with chromosomal aberrations as well (Ekelund et al., 2008) . The PPR for all twins versus singletons adjusted for maternal age was 1.01 (95% CI [0.89, 1.15] ). An overview of PPR results can be seen in Table 2 . Taking birth period as well as maternal age into account in a logistic regression did not change the overall risk estimate (OR: 1.02; 95% CI [0.86, 1.21]), that is, no difference in prevalence of chromosomal aberrations between twins and singletons was found.
When stratifying by SS and OS twins, adjusted PPR did not differ significantly from twins overall (Table 2) , nor did the odds ratio when birth period and maternal age were taken into account (data not shown).
Exclusion of karyotypes considered to be benign variants, that is, reducing the sample to 320 of 400 (80%) singletons and 195 of 234 (83%) twins, did not influence the results substantially (data not shown).
PPR results stratified by zygosity can be seen in Table 2 . The fraction of MZ and DZ twin pairs with DNA-based zygosity used in PPR calculations for MZ and DZ twins was 65% and 57%, respectively. In the remaining pairs, zygosity was determined based on questionnaires.
In MZ twins, the prevalence of chromosomal aberrations was 28 of 9,629 (0.29%) and the corresponding, adjusted PPR compared to singletons was 0.87 (95% CI [0.60, 1.27]). In DZ twins, adjusted PPR was 1.05 (95% CI [0.88, 1.27]). For DZ twins, the PPR was significantly higher in SS-DZ twins than in singletons, whereas in OS twins it was significantly lower (Table 2) . Exclusion of karyotypes considered to be benign variants did not influence the results substantially (data not shown).
Prevalence Proportion Ratios in Twins and Singletons With Trisomy 21
Analyses were repeated for individuals with T21. Results are shown in In data stratified by maternal age groups, we found a significantly increased risk for twins in the maternal age of 35-39 years (PPR: 2.22; 95% CI [1.12, 4.40]), and no difference between twins and singletons in other age groups (data not shown). Figure 1(b) shows the relation between live-born twins versus singletons with T21 as a function of birth period. A borderline significant difference (p = .043) was seen in twins, 11 of 13,699 twins (0.08%), versus singletons, 4 of 15,270 (0.03%), with T21 in the last period (2005) (2006) (2007) (2008) (2009) 
Hospitalization Patterns of 67 Pairs in Which Only One
Twin Had T21. Patterns of co-twins with normal karyotypes (n = 11) and no cytogenetic reports (n = 56) were alike and substantially different from individuals with T21, indicating that co-twins without a cytogenetic report were as healthy as co-twins with confirmed normal karyotypes. Exclusion of OS co-twins did not influence the results.
Discussion
Major Findings
On the basis of linkage between several nationwide registers, we identified all live-born twins diagnosed with chromosomal aberrations born in Denmark during 1968-2009 and compared the prevalence of chromosomal aberrations in twins versus singletons.
No overall difference in risk of chromosomal aberrations between twins and singletons was found, except for a significantly increased prevalence in twins born in the period of [2005] [2006] [2007] [2008] [2009] , and a tendency of an increase in prevalence among twins of mothers in the age group of 35-39 years.
In data stratified on zygosity, we saw a tendency of a lower risk of chromosomal aberrations in MZ twins, while the risk in DZ twins was comparable to that in singletons.
With regard to T21, no significant overall difference in the risk between twins and singletons was shown. However, a significantly increased risk of T21 was seen for twins in the maternal age group of 35-39 years, for twins born in . MZ = monozygotic; DZ = same-sex dizygotic; UZ = uncertain zygosity; OS = opposite sex. a DNA-based zygosity examinations were not carried out in OS twins.
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the period 2005-2009, and among DZ twins, whereas MZ twins seemed to have a tendency of a lower risk of T21. The observed proportion of MZ pairs was significantly low in twin pairs with chromosomal aberrations whereas the proportion of DZ twins consequently was larger than expected.
Results in Relation to Previous Studies
In contrast to the present study, a consistent finding in many previous studies was a lower prevalence of T21 (Boyle et al., 2014; Doyle et al., 1991; Hay & Wehrung, 1970; Kallen, 1986; Windham & Bjerkedal, 1984) or chromosomal aberrations (Boyle et al., 2013) in twins. Boyle et al. (2014) assessed the risk of T21 stratified on zygosity and estimated the risk (of at least one child with T21) in MZ pregnancies to be one third of the risk in singleton pregnancies, whereas in DZ pregnancies, it was one third higher than in singleton pregnancies (i.e., lower than the generally expected doubling of risk).
Congruous with our results, other studies did not find a difference in risk of T21 (Li et al., 2003; Tang et al., 2006) or chromosomal aberrations (Glinianaia et al., 2008; Li et al., 2003; Tang et al., 2006) between twins and singletons. Several studies have pointed out that too few concordant SS pairs/MZ pairs were seen (compared to estimates from a theoretical distribution according to the Weinberg method (Boyle et al., 2013; Hay & Wehrung, 1970) or compared to calculated rates from statistical reviews (McDonald, 1964) . Kallen noticed a complete lack of concordant pairs (Kallen, 1986) .
Risk estimates may differ between studies for a number of reasons. Lack of zygosity information was a major constraint in all studies, and concordant phenotypes in SS pairs were frequently used as a proxy for MZ twinning. When Boyle et al. (2014) assessed the risk of T21 separated on zygosity the proportions of MZ and DZ twins were calculated according to the Weinberg method -that is, based on estimates -and the results of these studies must be interpreted with caution. In addition, since the risk was calculated per pregnancy and not at the individual level, the results of these studies cannot be compared directly to the overall population prevalence (McGue, 1992) . Variation may also partly be explained by differences in sample size, methods of case selection and inclusion criteria. Some studies were based on live-born children, whereas others included fetal deaths from 20 weeks of gestation and termination of pregnancy for fetal anomaly. In studies that included only live births, twin pregnancies with a fetal loss would either not be included or would be registered as singletons, which would lower the risk estimate in twins. A difference in the proportion of singleton versus twin pregnancies that proceeded to termination of pregnancy would also bias studies with only live births included.
Furthermore, a number of factors have changed over the years such as diagnostic methods and the possibility of earlier or more specific prenatal diagnosis, prenatal care, and treatment (e.g., of twin-twin transfusion syndrome), better neonatal survival, increased age of first-time mothers, the increase in number of twin births, and perhaps a general change in the way termination of pregnancy is perceived and practiced in society.
Interpretation of the Present Results
The higher risk of T21 that was seen in DZ twins might be explained by type 1 errors due to multiple testing or by a lower proportion of termination of pregnancy for fetal anomaly in multiple pregnancies (Boyle et al., 2013) , that is, parents might have chosen not to proceed with selective feticide due to concerns for a healthy co-twin. Parents' age might also be positively related to a lower frequency of selective feticide or termination of pregnancy for fetal anomaly; for example, if the pregnancy was established by in vitro fertilization, which is often associated with higher age of the parents. This could partially explain the higher risk of T21 seen in twins born in the maternal age group of 35-39 years.
The introduction of a new screening method (Ekelund et al., 2008) at a national level for common trisomies in September 2004 increased antenatal detection rate and halved the number of infants born with trisomy 13, 18, and 21 (Ekelund et al., 2008; Ekelund et al., 2011) . This might explain the drop in singletons born with chromosomal aberrations during 2005-2009, while termination of pregnancy for fetal anomaly in multiple births may have been unaffected, probably due to the considerations mentioned above.
A surplus of SS twins was seen among DZ twins, which could be due to multiple testing, although a similar pattern has been observed in other studies (James, 1992) .
The tendency of a low risk of chromosomal aberrations in MZ twins along with the apparent lack of MZ pairs with chromosomal aberrations could partly be explained if most UZ pairs were truly MZ twins. This is, however, unlikely, since the pairwise concordance rate among UZ twins was only 0.38. In general, misclassification was limited to a minimum in our study due to classification by questionnaires and DNA analyses. A more likely explanation is a true lack of MZ pairs with chromosomal aberrations, due to a selective and early loss of affected fetuses.
The Present Results in Relation to Hall's Hypothesis
An implication of Hall's hypothesis (Hall, 1996; 2003; Hall & Lopez-Rangel, 1996 ) is a higher a priori risk of chromosomal aberrations in twins compared to singletons. Our PPR results on live-born children did not support an increased risk of chromosomal aberrations in MZ twins -by contrast, a tendency of a lower risk was found.
Another implication of the hypothesis is the expectation of MZ twins to be discordant (possibly in a mosaic state) for genetic aberrations. Our concordance rate for MZ twins is discussed below. In order to detect potential mosaicism in MZ twins with chromosomal aberrations, we will now carry out a clinical study.
Probandwise Concordance Rates
We found the probandwise concordance rate with regards to karyotype for MZ twins to be only 0.76 (95% CI [0.60, 0.87] . Supported by hospitalization patterns of newborns with T21 and their co-twins, we assumed that pairs in which the co-twin had no cytogenetic report were discordant. Theoretically, however, karyotyping of a co-twin might have been omitted in case of similar phenotypes (in 11 MZ pairs with DNA-verified zygosity in our cohort the co-twin had no cytogenetic report), and some pairs are probably incorrectly classified. However, the exact concordance rate of MZ pairs also depends on the true distribution of UZ pairs and could therefore be both higher and lower than our estimate.
Strengths and Limitations
The main limitation of our study was the inclusion of only live-born children, since a selective loss of fetuses in twins or singletons would lead to bias. There might be a high number of twin pregnancies with chromosomal aberrations at conception. However, selective loss of one or both twin fetuses would lower the risk of live-born twins with chromosomal aberrations. Twin pregnancies with unrecognized loss of only one fetus would result in live-born singletons and, depending on their chromosomal status, lead to a lower or higher risk estimate in singletons. The less likely scenario of selective loss of singleton fetuses with chromosomal aberrations would give a higher risk estimate in twins.
A potential limitation is the lack of zygosity classification by DNA methods in all twin pairs.
The major strength of our study is the availability of reliable data from several databases with national coverage and the ability to link data across those databases. Our cohort is therefore unselected and has a national coverage of the subject. In addition, our study on the relative risk of chromosomal aberrations in MZ and DZ twins versus singletons is, to our knowledge, the first of its kind with zygosity status of twin pairs with chromosomal aberrations being based on DNA examinations. Finally, our risk estimates can be compared directly to the overall population prevalence, as they are calculated at the individual level.
To summarize, our data showed no difference in risk of chromosomal aberrations between twins and singletons. However, the proportion of MZ pairs with chromosomal aberrations was significantly lower than expected. Furthermore, a tendency of a relative low risk of T21 among MZ twins was seen. A unifying explanation of these patterns could be that twins around conception actually may have an increased risk of chromosomal aberrations, but increased fetal mortality among especially MZ twins leads to no difference in risk among live-born twins and singletons. 
